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1. INTRODUC11ON 

E xcept for the rare case of a completely un-
fractured rock unit, the majority of rock 

masses can be considered as assemblages of intact 
rock blocks delineated in three dimensions by a 
system of discontinuities. These discontinuities 
can occur as unique randomly oriented features or 
as repeating members of a discontinuity set. This 
system of structural discontinuities is usually re-
ferred to as the structural fabric of the rock mass 
and can consist of bedding surfaces, joints, folia-
tion, or any other natural break in the rock. In 
most cases, engineering properties of fractured rock 
masses, such as strength, permeability, and de-
formability, are more dependent on the nature of 
the structural fabric than on the properties of the 
intact rock. For this reason, practitioners in the 
field of rock mechanics have developed the follow-
ing parameters to characterize the nature of the 
discontinuities that make up the structural fabric: 

Orientation: The orientation of a discontinuity 
is best defined by two angular parameters: dip 
and dip direction. 
Persistence: Persistence refers to the continuity 
or areal extent of a discontinuity and is particu-
larly important because it defines the potential 
volume of the failure mass. Persistence is diffi-
cult to quantify; the only reliable means is map-
ping of bedrock exposures. 
Spacing: The distance between two discontinu- 

ities of the same set measured normal to the dis-
continuity surfaces is called spacing. Together, 
persistence and spacing of discontinuities define 
the size of blocks. They also influence the dila-
tancy of the rock mass during shear displace-
ment and determine the extent to. which the 
mechanical properties of the intact rock will 
govern the behavior of the rock mass. 
Surface properties: The shape and roughness 
of the discontinuity constitute its surface proper-
ties, which have a direct effect on shear strength. 
Infillings:Minerals or other materials that 
occur between the intact rock walls of disconti-
nuities are termed infillings. Their presence can 
affect the permeability, and shear strength of a 
discontinuity. Secondary minerals, such as cal-
cite or quartz, may provide significant cohesion 
along discontinuities. However, these thin in-
fillings are susceptible to damage by blasting, re-
sulting in total loss of cohesion. 

For all but very weak rock materials, the analysis 
of rock slope stability is fundamentally a two-part 
process. The first step is to analyze the structural 
fabric of the site to determine if the orientation of 
the discontinuities could result in instability of the 
slope under consideration. This determination is 
usually accomplished by means of stereographic 
analysis of the structural fabric and is often referred 
to as kinematic analysis (Piteau and Peckover 1978). 
Once it has been determined that a kinematically 
possible failure mode is present, the second step re- 
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quires a limit-equilibrium stability analysis to com-
pare the forces resisting failure with the forces 
causing failure. The ratio between these two sets of 
forces is termed the factor of safety, FS. 

For very weak rock where the intact material 
strength is of the same magnitude as the induced 
stresses, the structural geology may not control 
stability, and classical soil mechanics principles 
for slope stability analysis apply. These procedures 
are discussed in Chapter 13. 

2. TYPES OF ROCK SLOPE FAILURES 

As shown in Figure 15-1, most rock slope failures 
can be classified into one of four categories depend-
ing on the type and degree of structural control: 

Planar failures are governed by a single disconti-
nuity surface dipping out of a slope face [Figure 
15-1(a)], 

Wedge failures involve a failure mass defined by 
two discontinuities with a line of intersection 
that is inclined out of the slope face [Figure 
15-1(b)], 
Toppling failures involve slabs or columns of 
rock defined by discontinuities that dip steeply 
into the slope face [Figure 15-1(c)], and 
Circular failures occur in rock masses that are 
either highly fractured or composed of material 
with low intact strength [Figure 15-1(d)]. 

Recognition of these four categories of failures is 
essential to the application of appropriate analyt-
ical methods. 

3. STEREOGRAPHIC ANALYSIS OF 
STRUCTURAL FABRIC 

From a rock slope design perspective, the most 
important characteristic of a discontinuity is its 
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FIGURE 15-1 
(facing pages) 
Types of rock 
slope failures: 

planar failure, 
wedqe failure, 
toppling failure, 
circular failure 

(diagrams modified 
from Hoek and 
Bray 1981). 
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orientation, which is best defined by two parame-
ters: dip and dip direction [Figure 15-2(a)]. The dip 
angle refers to the inclination of the plane below 
the horizontal and thus ranges from 0 to 90 de-
grees. The dip direction of the plane is the azimuth 
at which the maximum dip is measured and ranges 
from 0 to 360 degrees. The dip direction differs 
from the strike direction by 90 degrees and is the 
preferred parameter to avoid ambiguity as to the di-
rection of dip. These values are determined by 
compass measurements on rock outcrops (Chapter 
9), oriented drilling techniques, or interpretation 
of geologic structural trends (Chapter 8). 

Interpretation of these geologic structural data 
requires the use of stereographic projections that 
allow the three-dimensional orientation data to he 
represented and analyzed in two dimensions. The 
most commonly used projections are the equal-
area net and the polar net, replications of which 
are shown in Appendix A. 

The rock slope practitioner is referred to the 
work by Hock and Bray (1981), Hock and Brown 
(1980), and Goodman (1976) for in-depth treat-
ment of the principles of stereographic analysis. A 
detailed presentation of the procedures for plot-
ting, analyzing, and interpreting data on stereo-
graphic projections is beyond the scope of this 
report; however, these techniques are essential to 
rock slope design and to the following discussion. 

Stereographic presentations remove one dimen-
sion from consideration so that planes can be rep-
resented by lines and lines represented by points. 
Stereographic analyses consider only angular re-
lationships between lines, planes, and lines and 
planes. These analyses do not in any way represent 
the position or size of the feature. 

The fundamental concept of stereographic pro-
jections consists of a reference sphere that has a 
fixed orientation of its axis relative to the north 
and of its equatorial plane to the horizontal [Figure 

(c) 

Toppling failure in hard rock 
with slabs or columns defined 
by discontinuities that dip 
steeply into the slope 

Circular failure in overburden 
soil, waste rock or heavily 
fractured rock with no 
identifiable structural pattern 
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FIGURE 15-2 
Concepts for 
stereographic 
representation of 
linear and planar 
features (modified 
from Hoek and 
Bray 1981). 
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15-2(b)]. Linear features with a specific plunge and 
trend are positioned in an imaginary sense so that 
the axis of the feature passes through the center of 
the reference sphere. The intersection of the linear 
feature with the lower half of the reference sphere 
defines a unique point [Figure 15-3(a)]. Depending 
on the type of stereographic projection, this point 
is rotated down to a unique point on the stereonet. 
For the purposes of this discussion, only equal-area 
nets will be considered, although the reader should 
be aware that equal-angle projections can also be 
used. Linear features with shallow plunges plot 
near the circumference of the stereographic pro-
jection, whereas those with steep plunges plot near 

the center. Similarly, planar features are positioned 
so that the feature passes through the center of the 
reference sphere and produces a unique intersec-
tion line with the lower half of the reference 
sphere [Figures 15-2(b) and 15-3(b)]. The projec-
tion of this intersection line onto the stereographic 
plot results in a unique representation of that plane 
referred to as a great circle. Planes with shallow dips 
have great circles that plot near the circumference 
of the net, and those with steep dips plot near the 
center. Planes are used to represent both'disconti-
nuities and slope faces in stereographic analyses. 

A useful alternative method of representing 
planes is to use the normal to the plane. This nor- 



Rock Slope Stability Analysis 
	

395 

mal in a stereographic projection will be a unique 
point that is referred to as the pole to the plane 

[Figure 15-3(b)]. Structural mapping data of dis-
continuities are often plotted in the pole format 
rather than the great-circle format in order to de-
tect the presence of preferred orientations, thus 
defining discontinuity sets, and to determine 
mean and extreme values for the orientations of 
these sets. As shown in Figure 15-4, this process 
can be facilitated by contouring to accentuate and 
distinguish the repetitive features from the ran-
dom or unique features. Computerized graphical 
methods greatly facilitate the analysis of large 
amounts of structural data. However, when fewer 
than 50 data points are involved, manual plotting 
and analysis are probably more efficient. 

The intersection of two planes defines a line in 
space that is characterized by a trend (0 to 360 
degrees) and plunge (0 to 90 degrees). In stereo-
graphic projection, this line of intersection is 
defined at the point where the two great circles 
cross, and the trend and plunge of this point are 
determined by conventional stereographic princi-
ples. It is interesting to note that the line of inter-
section, represented by a point on a stereonet, is 
the pole to a great circle containing the poles of 
the two wedge-forming discontinuities. 

4. PLANAR FAILURE 

Planar failures are those in which movement oc-
curs by sliding on a single discrete surface that 
approximates a plane [Figure 15-1(a)]. Planar fail-
ures are analyzed as two-dimensional problems. 
Additional discontinuities may define the lateral 
extent of planar failures, but these surfaces are 
considered to be release surfaces, which do not 
contribute to the stability of the failure mass. 
Alternatively, the planar failure may be located 
on a nose of rock so that the slope forms the lat-
eral termination of the failure mass. 

The size of planar failures can range from a few 
cubic meters to largescale landslides that involve 
entire mountainsides. The K M Mountain land-
slide in the state of Washington (Lowell 1990), 
which involved an estimated 1.2 to 1.5 million 
m3, was controlled by the bedding orientation 
within a siltstone sequence. The 1965 Hope land-
slide in southern British Columbia occurred along 
planar felsite dikes dipping subparallel to the slope 
and involved approximately 48 million m3  of dis-
placed material (Mathews and McTaggert 1969).  

4.1 Kinematic Analysis 

The four necessary structural conditions for planar 
failures can be summarized as follows: 

The dip direction of the planar discontinuity 
must be within 20 degrees of the dip direction 
of the slope face, or, stated in a different way, 
the strike of the planar discontinuity must be 
within 20 degrees of the strike of the slope face. 
The dip of the planar discontinuity must be less 
than the dip of the slope face and thereby must 
"daylight" in the slope face. 
The dip of the planar discontinuity must be 
greater than the angle of friction of the surface. 
The lateral extent of the potential failure mass 
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FIGURE 15-3 
Equal-area 
projections for 
linear and planar 
features (modified 
from Hoek and Bray 
1981). 
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FIGURE 15-4 
Examples of symbol 
and contour plots of 
pole projections in 
equal-area 
stereographic 
projections. 
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must be defined either by lateral release surfaces 
that do not contribute to the stability of the 
mass or by the presence of a convex slope shape 
that is intersected by the planar discontinuity. 

Figure 15-5 illustrates the first three of these con-
ditions; these are the only conditions that can be 
evaluated by stereographic analysis. 

The presence of significant pore-water pressures 
along the failure surface can in some cases alter the 
kinematic possibility of planar failure. For example, 
the introduction of water pressure may cause a fail- 

ure even though the dip of the failure plane is less 
than the frictional strength of the plane. Hodge 
and Freeze (1977) have presented an in-depth per-
spective of the influence of groundwater flow sys-
tems on the stability of interbedded sedimentary 
rock slopes. 

4.2 Stability Analysis 

If the kinematic analysis indicates that the requi-
site geologic structural conditions are present, sta-
bility must be evaluated by a limit-equilibrium 
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FIGURE 15-5 
Kinematic analysis 
for planar failure. 
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analysis, which considers the shear strengthalong 
the failure surface, the effects of pore-water pres-
sures, and the influence of external forces such as 
reinforcing elements or seismic accelerations. 

Stability analysis for planar failure requires the 
resolution of forces perpendicular to and parallel to 
the potential failure surface. This resolution can be 
carried out in either two or three dimensions, but 
the most common case is the former, in which the  

stability formulation considers a unit thickness of 
the slope. Two geometric cases are considered 
(Figure 15-6), depending on the location of the 
tension crack relative to the crest of the slope: 

Tension crack present in slope face [Figure 
15-6(a)], and 
Tension crack present in upper slope surface 
[Figure 15-6(b)]. 



U 

(a) Tension Crack in Slope Face (b) Tension Crack in Upper Slope Surface 

The stability equations are as follows: 

For Case a: 

Depth of tension crack: 

Z= (HcottI'—b)(tanW1 —tan%) 

Weight of block: 

W = (1/2)'(rH2  [(1 —Z/H)2 cot'P,(cotWtanW1  —1)] 

Area of sliding plane: 

A=(HcotWj —b)sec'F 

For Case b: 

Depth of tension crack: 

Z= H + b tan'F' —(b + Hcot'P1) tanW 

Weight of block: 

W= (1/2)ç(H2 cot'PX+ bI-IX+bZ) 

X = (1 - tanWcotW1) 

Area of sliding plane: 

A = (H cotP1  + b) secW 

For either Case a or b: 

Uplift water force: 

U = (/z)yZA 

Driving waterforce: 

V = (1 /)y,4,Z, 

Factor of safety: 

F - 
{cA + [W(cos'Pp—asinWp)— U—VsinWp+ TcosO] tan4)} 

S - 	[W(sin'Pp + a cosP) + V.cos'P— T sirtO] 

where 

H = height of slope face; 
Tf = inclination of slope face; 

inclination of upper slope face; 
TP  = inclination of failure plane; 

b = distance of tension crack from slope crest; 
a = horizontal acceleration, blast or earthquake 

loading; 
T = tension in bolts or cables; 
e = inclination of bolt or cable to normal to failure 

plane; 
c = cohesive strength of failure surface; 
4) = friction angle of failure surface; 

= density of rock; ,  
= density of water; 

Z,, = height of water in tension crack; 
Z = depth of tension crack; 
U = uplift water force; 
V = driving water force; 

W = weight of sliding block; and 
A = area of failure surface. 

A simplified groundwater model consists of a mea-
sured depth of water in the tension crack defining a 
phreatic surface that is assumed to decrease linearly 
toward and exit at the toe of the slope. Other con-
figurations of the phreatic surface can be assumed 
with consequent modification to the forces U and 

V (Figure 15-6). The stability equations also incor-
porate external stabilizing forces, for example, 
those due to bolts or cables, and destabilizing forces 
such as those due to seismic ground accelerations. 

Of particular note in Figure 15-6 is the loca-
tion of the tension crack, expressed by the di- 
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mension b. In most cases, small-magnitude an-
tecedent movements will define the location of the 
tension crack so that the geometry for slope analy-
sis can be ascertained. However, in some cases 
these movements may not have occurred or the 
tension crack may be covered with surficial soils. In 
such circumstances, an approximation incorporat-
ing the most probable or "critical" tension crack lo-
cation is as follows (Hoek and Bray 1981): 

Alternative methods of stability analysis for 
planar failures include limit-equilibrium analyses, 
which incorporate the method of slices to approx-
imate the slope and failure-surface geometry. As 
an example, Sarma (1979) presented a method 
that can be applied to both circular and noncircu-
lar sliding surfaces. Hoek and Bray (1981) devel-
oped graphical solutions for planar failures for the 
case in which the external forces are zero and the 
upper slope surface is horizontal. 

FIGURE 15-6 
(opposite page) 
Two geometric 
cases of planar 
failure (modified 
from Hoek and Bray 
1981). 

b/H = V(cotW1cot'Pp ) -cot'!'1 	(15.1) 

The derivation of this equation assumes a dry 
slope and a horizontal upper slope surface, but as a 
first approximation, it is probably adequate for 
most cases. Sensitivity analyses should be carried 
out when the geometric or other parameters are 
not well defined. 

For either of the two cases shown in Figure 15-6, 
the factor of safety, FS, is expressed as shown in the 
box below: 

4.3 Case Example of Planar Failure 

Methods of stability analysis for planar failures can 
be best explained by the use of a case example. 

4.3.1 Problem Description 

Structural mapping of an existing highway cut re-
veals the existence of well-developed foliation 
with a mean orientation of 30 degrees/145 degrees 
(dip/dip direction). The slope face is 30 m high 

FS = (cA + [W(cos'f' - a sin'P) - U -V sinW + T cose] tan4} 	
(15.2) 

[W(sinW + a cos'P) + V cos'P- T sine] 

This expression can be simplified in a number of 
successive cases as follows: 

External forces not present (a = T = 0): 

FS = E'' + (WcosW,- U-Vsin% )tan4] 
(15.3) 

(Wsin'P + Vcos%) 

Dry slope (U = V = 0) and external forces not pres-
ent (a = T = 0): 

FS = (cA + Wcos% tan) 	 (15.4) 
(WsinW) 

Cohesionless surface (c = 0), dry slope (U = V = 0), 
and external forces not present (a = T = 0): 

FS= (tan4) 	 (15.5) 
(tan'P) 

In this simplest case, the factor of safety for the 
slope is unity whenthe inclination of the failure 
surface equals the angle of friction for the surface. 
This relationship forms the basis of tilt tests, 
which are used to estimate base friction angles 
using blocks of rock or intact pieces of core 
(Franklin and Dusseault 1989). 

with an orientation of 70 degrees/135 degrees. 
Further examination of the 11-degree upper slope 
indicates the presence of a tension crack 15 m be-
hind the slope crest with water in the tension crack 
9 m deep, as shown in Figure 15-7(a). Because of 
infilling and roughness along the foliation planes, 
the surfaces are characterized by shear strength pa-
rameters that include a friction angle of 25 degrees 
and a cohesion of 96 kPa. The rock mass is esti-
mated to have a unit weight of 25 kN/m3. The 
slope designer is required to perform analyses to 
demonstrate the existing factor of safety. If this 
evaluation indicates a factor of safety less than 1.5, 
a slope-stabilization program must be designed to 
provide this value. The sensitivity of the slope sta-
bility to groundwater fluctuations and to seismic 
accelerations must also be determined. 

4.3.2 Solution 

A stereographic analysis of the slope and disconti-
nuity orientations indicates that the three condi-
tioñs necessary for a kinematically possible failure 
surface are present [Figure 15-7(b)]: 

The dip direction of the foliation and that of 
the slope face are within 20 degrees, 
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The dip of the foliation is less than the dip of 
the slope face, and 
The dip of the foliation exceeds its angle of 
friction. 

Having determined that a planar failure is possi-
ble, the next step is to determine the degree of sta-
bility (or instability) by calculating the factor of 
safety. Evaluation of the stability of the slope re-
quires the solution of the equations represented by 
Figure 15-6(b). The computations are shown in 
the box below. 

Depth of tension crack: 

Z = 30 + 15(tanll°) - [15 + 30(cot70°)] tan30° 
= 18m 

Weight of block: 

W [(30)2 cot70° (X) + (15)(30)(X) + (15)(18)] 

where 

X = (1- tan30° cot70°) = 0.79  

tions given in Section 4.2 into a commercially 
available spreadsheet program that enables the 
development of stability graphs such as those in 
Figure 15-7(c) and (d). As an example, to exam-
ine the feasibility of stabilization through slope 
drainage, the accompanying sensitivity graph 
[Figure 15-7(c)] demonstrates that the factor of 
safety ranges from a high of 1.32 for a dry slope to 
a low of 0.82 for a fully saturated, unreinforced 
slope. Even if measures to promote permanent 
drainage of the slope were implemented, a factor 
of safety of 1.32 would probably be marginal (in 

Area of sliding plane: 

A = (30 cot70° + 15)(sec30°) = 29.9 rn2/m 

Uplift water fofce: 

U = (1/2)(10)(9)(29.9) = 1.35 MN/rn 

Driving water force: 

V = ('/)(10)(9) = 0.41 MN/rn 

then 

W = 11.05 MN/rn 

Substituting these values into Equation 15.3 for the case where external forces are not present yields 

FS = {(0.096)(29.9) + [01.05)(cos30°) - 1.35 - (0.41)(sin30°)] (tan25°)} 
[(11.05)(sin3O° + (0.40(co00°)] 

FS = 6.61/5.88 = 1.12 

The calculated factor of safety for the existing con-
dition is 1.12, which corresponds to a tension 
crack half-filled with water (Z/Z = 0.5). This fac-
tor of safety would be considered unacceptable for 
the long-term performance of the slope, and there-
fore stabilization should be undertaken. 

To analyze stabilization alternatives, it is useful 
to perform sensitivity analyses that illustrate the 
dependence of slope stability on various param-
eters of interest. These analyses are most easily 
accomplished by programming the stability equa- 

most design circumstances), and other stabiliza-
tion methods should be considered. 

Equation 15.2 can be used to calculate the bolt-
ing force, T, necessary to provide the required fac-
tor of safety of 1.5. For illustrative purposes, the in-
clination of the bolting force will be set at 0 = 50 
degrees. Although this is not the optimal orienta-
tion, practical considerations would dictate that 
the anchor holes be drilled below horizontal to fa-
cilitate grouting. Substituting these values into 
Equation 15.2 produces the computations below: 

1.5 = 1(0.096)(29.9) + [01.05)(cos30°) - 1.35 - (0.41)(sin30°) + T (cos50°)](tan25°)} 
(11.05)[sin30° + (0.41)(cos30°) - T(sin50°)] 

1.5 -- [2.87 + (8.01 + 0.64T)(tan25°)J 
(5.88-0.77T) 

T= 1.52 MN/rn 
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FIGURE 15-8 
Massive wedge 
failure along -40 
in mountainous 
sections of eastern 
Tennessee that 
closed two lanes 
for more than two 
weeks (Moore 
1986). 

It is important to note that T is computed in 
terms of the force per unit of slope length. This 
value combined with the selected bolt or anchor 
capacity defines the required bolt spacing. The slope 
designer should verify that the reinforced slope will 
be stable under the saturated slope extreme (Z,/Z 
= 1). For the case example, the sensitivity analysis in 
Figure 15-7(c) indicates an acceptable factor of 
safety of 1.08 under this condition. 

The stability of the reinforced slope for a de-
sign horizontal acceleration, a = 0.15g, is verified  

using Equation 15.2 according to the computation 
shown in the box below. 

The variation of stability of the reinforced 
slope with seismic acceleration is shown in the 
sensitivity graph of Figure 15-7(d). For the case 
example, a factor of safety of 1.5 under static con-
ditions with a corresponding factor of safety of 
1.09 for a design acceleration of 0.1 5g would gen-
erally be considered prudent engineering practice. 
Figure 15-7(d) also indicates a limiting accelera-
tion equivalent to 0.19g for the reinforced slope. 

FS = (
0.096)(29.9) + [(11 .05)(cos30°) - (0.15)(sin30°) - 1.35— (0.41)(sin3O°) + (1.52)(cos50°)](tan25°)} 

(11.05)[sin30° + (0.15)(cos30°) + (0.41)(cos30°) - (1.52)(sin5O°)J 

FS = 6.68/6.15 = 1.09 

5. WEDGE FAILURE 

Wedge failures result when rock masses slide along 
two intersecting discontinuities both of which 
dip out of the cut slope at an oblique angle to the 
cut face, forming a wedge-shaped block [Figures 
15-1(b) and 15-81. Commonly, these rock wedges 
are exposed by excavations that daylight the line 
of intersection that forms the axis of sliding, pre-
cipitating movement of the rock mass either along 
both planes simultaneously or along the steeper of 
the two planes in the direction of maximum dip. 

Depending upon the ratio between peak and 
residual shear strengrhs wedge failures can occur 
rapidly, within seconds or minutes, or over a much 
longer time frame, on the order of several months. 
The size of a wedge failure can range from a few 
cubic meters to very large slides from which the 
potential for destruction can be enormous (Figure 
15-8). Figure 15-9 illustrates schematically the de-
velopment of a classic wedge failure. Figure 15-9(a) 
shows a typical rock cut along a highway in which 
the geologic structure is conducive to wedge fail-
tire, resulting in an unstable slope condition. 
Incipient development of the wedge, defined by in-
tersecting planes of fracture, cleavage, bedding, or 
all three, results in the formation of a V-shaped 
wedge of unstable rock with fully developed failure 
scarps, as shown in Figure 15-9(b). Figure 15-9(c) 
shows the rapid movement of the rock wedge fail-
ure, and its afieritiatli is shown in Figure 15-9(d). 

The formation and occurrence of wedge lailuies 
are depetideiti piimaiily on lithology and structure 
of lie tock mass (Piteau 1972). Rock masses with 
well-defined orthogonal joint sets or cleavages in 
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FIGURE 15-9 
Stages in 
development of 
wedge-failure 
landslide: 

rock slope as 
constructed; 

incipient wedge 
failure; (C) rock 
wedge during 
failure; ( rock 
slope after wedge 
failure (modified 
from Moore 1986). 

I-Ill Material 

addition to inclined bedding or foliation generally 
are favorable situations for wedge failure (Figure 
15-10). Shale, thin-bedded siltstones, claystones, 
limestones, and slaty lithologies tend to be more 
prone to wedge failure development than other 
rock types. However, lithology alone does not con-
trol development of wedge failures. 

5.1 Kinematic Analysis 

A kinematic analysis for wedge failure is governed 
by the orientation of the line of intersection of the 
wedge-forming planes. Kinematic analyses deter- 

mine whether sliding can occur and, if so, whether 
it will occur on only one of the planes or simulta-
neously on both planes, with movement in the di-
rection of the line of intersection. 

The necessary structural conditions for wedge 
failure are illustrated in Figure 15-11(a) and can 
be summarized as follows: 

The trend of the line of intersection tbust 
approximate the dip direction of the slope 
face. 
The plunge of the line of intersection must be 
less than the dip of the slope face. Under this 
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FIGURE 1 5-10 
Exposed rock 
face exhibiting 
well-developed 
intersecting 
discontinuities 
with potcntial for 
wedge failure 
(Moore 1966.) 

_____ 	 -! 	.-•A 	rnT 

Vll 

condition, the line of intersection is said to day-
light on the slope. 
The plunge of the line of intersection must be 
greater than the angle of friction of the surface. 
lithe angles of friction for the two planes are 
markedly different, an average angle of friction 
is applicable. This condition is also shown in 
Figure 15-11(a). 

Because the model represents a three-dimensional 
shape, no assumptions of the lateral extent of the 
wedge are required. Stereographic analysis can 
also determine whether sliding will occur on both 
the wedge-forming planes or on only one of the 
two. This procedure is referred to as Markland's 
test (Hoek and Bray 1981), which is described in 
Figure 15-11(a). 

The presence of significant pore-water pressures 
along the failure planes can in some cases alter the 
possibility of kinematic wedge failures. For exam-
ple, the introduction of water pressure may cause a 
failure even though the plunge of the intersection 
line is less than the average frictional strength of 
the planes.  

5.2 Stability Analysis 

Once a kinematic analysis of wedge stability using 
stereographic methods [Figure 15-11(b)] has been 
performed indicating the possibility of a wedge 
failure, more detailed stability analyses may be re-
quired for the design of stabilization measures. 
The common analytical technique is a rigid-block 
analysis in which failure is assumed to be by linear 
sliding along the line of intersection formed by the 
discontinuities or by sliding along one of the dis-
continuities. Toppling or rotational sliding is not 
considered in the analysis. 

The analysis of wedge stability requires that the 
geometry of the wedge be defined by the location 
and orientation of as many as five bounding sur- 
faces. These include the two intersecting discon-
tinuities, the slope face, the upper slope surface, 
and, if present, the plane representing a tension 
crack [Figure 15-12(a)]. The size of the wedge is 
defined by the vertical distance from the crest of 
the slope to the line of intersection of the wedge-
forming discontinuities. If a tension crack is pres-
ent, the location of this bounding plane relative to 
the slope crest must be specified to analyze the 
wedge size. 

The stability of the wedge can be evaluated 
using the factor-of-safety concept by resolving the 
forces acting normal to the discontinuities and in 
the direction parallel to the line of intersection. 
These forces include the weight of the wedge, ex- 
ternal forces such as foundation loads, seismic ac-
celerations, tensioned reinforcing elements, forces 
generated by water pressures acting on the sur-
faces, and the shear strength developed along the 
sliding plane or planes. 

The completely general formulation of wedge 
stability calculation requires adherence to a strict 
system of notation. Hoek and Bray (1981) pre- 
sented the equations for the general analysis as 
well as a methodology to undertake the calcula- 
tion in a systematic manner. Because the calcu- 
lation is extended, this general analysis is best 
adapted to computer solution. However, in most 
cases, assumptions can be made that significantly 
simplify the controlling stability equations so that 
simple calculator or graphical methods can pro-
vide a good indication of the sensitivity of the 
wedge stability to alternative strength and load 
combinations. Figure 15-12 (a-e) defines the cal-
culation of wedge stability under various simplify-
ing assumptions. 
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1981). 
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FIGURE 15-12 
(facing pages) 
Stability equations 
for wedge failure 
(modified from 
Hoek and Bray 
1981). 
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FS=(ca•X+cbsY)+(A--Iff X)tana+(B-Y)tan4b 

Yr 	 2 Yr 	 2yr  

PARAMETERS: 

ca and  cb  are the cohesive strengths of planes a and b 
Oa and Ob  are the angles of friction on planes a and b 
Yr is the unit weight of the rock 
yw is the unit weight of water 
H is the total height of the wedge 
X, Y, A, and B are dimensionless factors which depend upon the geometry of the wedge 

'Va and  'Vb  are the dips of planes a and b 
'Vi is the plunge of the line of intersection 

	

sin024 	 A = cos'Va - coSwb COsOna. nb 
5m045 . COSOna.2 	 sinwm • sin2Ona . nb 

= 	sinO13 	 B = COSWb - cos'Va cosena • nb 

	

sin035 0 cosonb.1 	 siniVi 0 sin2ona . nb 

(See Figure 15-14 for definition of angles) 



(C) Fully Drained Slope 

Line of 
intersection 

FS 	(CaX + CbY) + A tan 4a + B tan
yrH 4b 

PARAMETERS: 

Ca and  cb  are the cohesive strengths of planes a and b 

4a and  b  are the angles of friction on planes a and b 
Yr is the unit weight of the rock 
H is the total height of the wedge 
X, Y, A, and B are dimensionless factors 
which depend upon the geometry of the wedge 

Va and  'Vb  are the dips of planes a and b 
xVi is the plunge of the line of intersection 

(See Figure 15-14 for definition of angles) 

= 	sin024  

sin945 COSOna.2 

sinO1 

sifl035 C0S0flb.1 

A = COS41a - cOSJb CO5Ona • nb 

- 	SIflVI SIfl2Ona nb 

B = cOSWb - COSNIp cOSOng. nb 

SlflVi sin2ona. nb 

Friction Only Shear Strengths 

FS = A tan 4a  B tan 

(Parameters as above) 

Note: Hoek and Bray (1981) have presented graphs to determine factors A and B. 

Friction Angle Same for Both Planes 

Planeb 	 Plane a 

View along line of intersection 

FS= sinI 	tan4t 
sin (j2) 	tan 'Vi 

PARAMETERS: 
= friction angle 
= plunge of line of intersection 

f3 = see sketch 
= angle between wedge - forming planes 
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5.3 Case Example of Wedge Failure 

Structural mapping of outcrops in the vicinity of a 
proposed highway cut indicates the presence of 
five discontinuity sets as follows: 

Feature 	Dip/Dip Direction 

Bedding 48 degrees/168 degrees 
Joint set 1 53 degrees/33 1 degrees 
Joint set 2 64 degrees/073 degrees 
Joint set-3 42 degrees/045 degrees 
Joint set 4 45 degrees/265 degrees 

The proposed cut is to be excavated at 0.25H:1V 
(dip of 76 degrees) with a dip direction of 196 

degrees. It is estimated that the average angle of 
friction of the discontinuities is 30 degrees subject 
to confirmation by subsequent direct-shear testing. 

A kinematic analysis of these data is shown in 
Figure 15-13. The shaded area is formed by the 
great circle representing the cut slope face and the 
friction circle for 4) = 30 degrees. As previously 
shown in Figure 15-11, the lines of intersection of 
kinematically possible wedges plot as points 
within this shaded area. For the case example, 
Figure 15-13 shows that the intersection of the 
great circles representing bedding and joint set 2 
(B-i 2) and the intersection of the great circles rep-
resenting bedding and joint set 4 (B-J4) plot 

N 

I 

KEY 

Dip/Dip Direction 

Bedding 	480/1 68° 	 Wedge intersection between 

 

Joint set 1 	530/3310  
- 	

Joint set 2 	640/0730  

B-J4 bedding and joint set 4 

FIGURE 15-13 
Great circle 
representation for 
case example of 
wedge failure. 

Joint set 3 	420/0450  

- - Joint set 4 450/2650  

Slope, face 	760/1 96° 
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within the shaded area and therefore form kine-
matically possible wedge failures. 

To determine the factor of safety of the wedge 
formed by the intersection of bedding and joint set 
4 (B-J4), the following additional information is 
obtained: 

Orientation of upper slope surface (based on map-
ping): 10 degrees/196 degrees dip/dip direction; 
Total wedge height (based on cross-section 
analysis): H = 30 m; 
Strength of plane a (Joint set 4) (based on lab-
oratory testing): friction angle, 4a = 35 degrees; 
cohesion, Ca  = 20 kPa; 
Strength of plane b (bedding) (based on labora- 
tory testing): friction angle, 4b 	25 degrees; 
cohesion, Cb = 10 kPa; 

Unit weight of rock (based on laboratory test-
ing): 'y. = 25 kN/m3; and 
Fully drained slope (based on piezometric mea-
surements). 

As shown in Figure 15-12(c), the applicable 
equation for a wedge without a tension crack is 
as follows: 

FS = 
(çH) 

(Ca X+ CbY) + Atan4 a  + B tan4b (15.6) 

The values for the factors X, Y, A, and B are de-
termined from a number of angular relationships 
measured on a stereographic projection as illus-
trated in Figure 1544. The computations are 
shown in the box on the next page. 
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FIGURE 15-14 
Angular 
measurements 
required for stability 
calculation for case 
example of wedge 
failure. 



FIGURE 15-15 
Primary topptihg 
modes (Hoek and 
Bray 1981). 

Flexural toppling in hard rock 
slopes with well developed 
steeply dipping discontinuities. 

Block toppling in a hard rock 
mass with widely spaced 
orthogonal joints 

Block-flexure toppling characterized by 
pseudo-continuous flexure of long 
columns by accumulated motions along 
numerous cross joints. 
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(sine24) 	(sin58°) 
X= 	 = 	 =1.41 

(sino45cose(,,Z)) 	(sin42° cos26°) 

(sin013) 	(sin8l°) 
= 	 =2.56 

(sin0 35  cosO(,,,l)) 	(sin4l° cos54°) 

A = 	ECOSWa COSWb COSO(na .,,J,)] 
[sintPs  Sfl2O(ng  nb)] 

= (cos45° - cos480  cos66°) 
= 0.91 

(sin35° sin266°) 

B = 	[cosWb  - cos'f'0  cosO(  . 
[sinlVs  sin2O(,,, nb)] 

= (cos48° - cos45° cos66°) = 0.80 
(sin35° sin2660 ) 

Substituting these values into Equation 15.6 gives 

FS = (3[(20)(1.41) + (10)(2.56)]) 
[(25)(30)] 

+ (0.91) tan350  + (0.80) tan25° 

FS=0.22 +0.64+0.37 = 1.23 

This computed factor of safety is at the lower 
bound for most geotechnical engineering practice, 
and consideration should be given to reinforce-
ment of the slope with tensioned rock anchors 
(see Chapter 18). 

If poor blasting practices were utilized in the 
excavation process, it is possible that the cohesion 
along the discontinuities could have been destroyed. 
In this case, the first term of Equation 15.6 would 
be zero and the resultant factor of safety would be 
equal to 1.01. The wedge would probably fail during 
excavation; this analysis illustrates the importance 
of carefully controlled blasting in the creation of 
stable permanent slopes (see Chapter 18). 

6. TOPPLING FAILURE 

Toppling failures most commonly occur in rock 
masses that are subdivided into a series of slabs or 
columns formed by a set of fractures that strike 
approximately parallel to the slope face and dip 
steeply into the face [Figure 15-1(c)]. In a toppling 
failure the rock column or slab rotates about an es-
sentially fixed point at or near the base of the 
slope at the same time that slippage occurs be-
tween the layers. A rarer case of toppling is that of 
a single column defined by a unique discontinuity 
such as a fault. 



Slide head toppling when 
movement lower in the slope 
frees block to topple. 
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Rock types most susceptible to this mode of 
failure are columnar basalts and sedimentary and 
metamorphic rocks with well-developed bedding 
or foliation planes [Figure 15-1(c)]. As described 
by Hoek and Bray (1981), there are several types 
of toppling failures, including flexural, block, or a 
combination of blockand flexural toppling (Figure 
15-15). Toppling can also occur as a secondary  

failure mode associated with other failure mecha-
nisms such as blocksliding. Examples of these var-
ious types of secondary toppling failure are shown 
in Figure 15-16. 

In order for toppling to occur, the center of 
gravity of the column or slab must fall outside the 
dimension of its base. Toppling failures are char-
acterized by significant horizontal movements at 

Slide toe toppling when steeply 
dipping beds of hard rock are loaded 
by instability higher up the slope. 

Slide base toppling when steeply dipping 
beds are dragged along by instability of 
overlying material. 

Toppling and slumping of 
columnar rock by weathering of 
underlying material. 	 - - 

FIGURE 15-16 
Secondary toppling 
modes (Hoek and 
Bray 1981). 
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the crest and very little movement at the toe. To 
accommodate this differential movement between 
the toe and crest, interlayer movement must 
occur. Thus, shear strength between layers is cm-
cial to the stability of a slope that is structurally 
susceptible to toppling. Another characteristic of 
toppling movements is the antecedent develop-
ment of major tension cracks behind the crest and 
parallel to the strike of the layers. Failure does not 
occur until there is shear failure of the slabs at the 
base of the slope. Slopes with rock structure that is 
susceptible to toppling can be induced to fail by 
increased pore-water pressures or by erosion or ex-
cavation at the toe of the slope. 

6.1 Kinematic Analysis 

Figure 15-17 indicates the slope parameters that 
define an analytical model for toppling analysis 
and the kinematic analysis of toppling using stere-
onet projection. The slope parameters necessary 
for analysis of Goodman and Bray's (1976) model 
of toppling failures are defined in Figure 15-17(a). 
Of particular note is the presence of a stepped fail-
ure base assumed to develop along cross fractures 
between the columns. The necessary conditions 
for toppling failure can be summarized as follows: 

The strike of the layers must be approximately 
parallel to the slope face. Differences in these 
orientations of between 15 and 30 degrees have 
been quoted by various workers, but for consis-
tency with other modes of failure, a value of 20 
degrees seems appropriate. 
The dip of the layers must be into the slope face. 
Using the dip direction convention, conditions 
1 and 2 can be stated as follows: the dip direc-
tion of the layers must be between 160 and 200 
degrees to the dip direction of the slope face. 
As stated by Goodman (1980), in order for 
interlayer slip to occur, the normal to the top-
pling plane must have a plunge less than the in-
clination of the slope face less the friction angle 
of the surface. This condition can be formulated 
as follows: 

(15.7) 

where 

'Pp = dip of geologic layers (planes), 
Tf = dip of slope face, and 
op = friction angle along planes. 

On the basis of extensive development of nomo-
grams for analysis of toppling, Choquet and 
Tanon (1985) proposed the following modifica-
tion to this kinematic condition: 

(900 —'P,):!~('I'1-4+k) 	 (15.8) 

where k = 0 for Op < 20 degrees and k = 3/5(4 k - 20 
degrees) for Op ~t 20 degrees. 

Analogous to planar failures, some limitation 
to the lateral extent of the toppling failure is a 
fourth condition for a kinematically possible fail-
ure. Because the analysis is two-dimensional, it is 
usually assumed that zero-strength lateral release 
surfaces are present or that the potential failure 
mass is defined by a convex slope in plan. 

6.2 Stability Analysis 

The analysis of toppling failures has been investi-
gated by several researchers, including Goodman 
and Bray (1976), Hittinger (1978), and Choquet 
and Tanon (1985). The analytical procedures are 
not as clearcut as for other methods of rock slope 
failure, particularly the concept of factor of safety. 
In general terms, the techniques check that the 
center of gravity for a specific column of rock lies 
within the base area of that column. Columns in 
which the center of gravity lies outside the base 
are susceptible to toppling. 

The method developed by Goodman and Bray 
(1976) considers each column in turn proceeding 
from the crest of the slope to the toe and deter-
mines one of three stability conditions: stable, 
plane sliding, or toppling. The stability condition 
depends on the geometry of the block, the shear 
strength parameters along the base and on the 
sides of the column, and any external forces. 
Those columns that are susceptible to either slid-
ing or toppling exert a force on the adjacent col-
umn in the downslope direction. The analysis is 
carried out for each column in the slope section 
so that all the intercolumnar forces are deter-
mined. The stability of the slope generally cannot 
be explicitly stated in terms of a factor of safety. 
However, the ratio between the friction value re-
quired for limiting equilibrium and that available 
along the base of the columns is often used as a 
factor of safety for toppling analyses. Figure 15-18 
demonstrates the method of analysis for a top-
pling failure. The reader is referred to Hoek and 
Bray (1981) for a more comprehensive summary 
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of this technique or to Hittinger (1978) for a 
computer solution of toppling analyses. Wyllie 
(1992) has expanded this analysis to include ex-
ternal loads and water pressures. 

Choquet and Tanon (1985) utilized the com-
puter solution developed by Hittinger (1978) to 
derive a series of nomograms for the assessment of 
toppling failures. Unique nomograms were devel-
oped based upon the interlayer angle of shearing 
resistance, 4,,. A nomogram for Op = 30 degrees is 
given in Figure 15-19(a). Inherent in these nomo-
grams are the following assumptions: 

The columns in the model have a constant 
width, defined as Ax [Figure 15-17(a)]. 
The base of each column forms a stepped fail-
ure base with an inclination assumed at +15 de-
grees ['Pb = 15 degrees in Figure 15-17(a)]. 
No pore-water pressures are present within the 
slope. 

An example of the use of this method of analy-
sis is illustrated in Figure 15-19. Note that the for-
mulation yields the limiting column width, Axe, at 
which toppling failure occurs. The input variables 
for the example are 

Friction angle for plane = = 30 degrees, 
Dip of face = Tf = 64 degrees, 
Dip of plane = 'Pp = 60 degrees. 

From Figure 15-19(a), the ratio of H/Axe is 10 at 
the onset of toppling or limiting equilibrium (see 
the point indicated by the star). Thus, for a slope 
height of H = 20 m, Axe = 2 m. If the column width 
is less than 2 m, the slope will be unstable with re-
spect to toppling. This result is illustrated in Figure 
15-19(b). Similarly, for a slope height of H = 10 in, 
the limiting column width would be 1 m. 

Choquet and Tanon (1985) suggested that the 
factor of safety be evaluated by the ratio of the ac-
tual column width, Ax, to the theoretical limiting 
column width, Axe, according to 

FS= (Ax) 
	 (15.9) 

(Axe) 

where for FS > 1, the slope is stable against top-
pling and for FS < 1, the slope is unstable against 
toppling. 

Figure 15-19(c) shows a sensitivity curve for the 
dip of the slope face, 'F1 , as a function of the limit- 

ing column width, Axe, for a constant dip of plane, 
'PP  = 60 degrees, and slope height H = 15 in. This 
curve is developed from the nomogram in Figure 
15-19(a) by determining the corresponding H/Axe 
values for each of the 'P1  curves. The sensitivity 
curve demonstrates that a slope with a face angle of 
67 degrees has a limiting column width of 2 m. If 
the actual width is greater than this value, the slope 
will be stable against toppling, and conversely if it 
is less, the slope will be unstable. By. comparison, if 
the actual column width was 4 in, the slope would 
be stable at a face angle of 82 degrees. 

Stabilization of toppling failures can be accom-
plished by reducing the aspect ratio of the 
columns in one of two ways: by reducing the slope 
height so that column height is reduced or by bolt-
ing layers together to increase the base width of 
the columns. Both of these methods change the 
column geometry so that the centers of gravity of 
the columns are within their bases. 

7. CIRCULAR FAILURE 

For the purposes of this discussion, a circular fail-
ure is defined as a failure in rock for which the 
failure surface is not predominantly controlled by 
structural discontinuities and that often approxi-
mates the arc of a circle [Figure 15-1(d)]. It should 
be recognized that there is a complete spectrum of 
structural control of rock failures ranging from 
completely structurally controlled, to those that 
are in part structurally controlled and in part ma-
terial failures, to those in which structure has little 
or no influence. Rock types that are susceptible to 
circular failures include those that are partially to 
highly weathered and those that are closely and 
randomly fractured. In either case the rock mass is 
so highly fragmented that the failure surface can 
avoid passing through the stronger intact rock ma-
terial. In this sense, a circular failure in rock can 
be considered much like that through a soil mass 
with a very large grain size. 

The characteristics of circular failure in rock are 
similar to those for a classical rotational failure in 
soil except that the failure surface in rock tends to 
form a shallow, large-radius circle. Figure 15-1(d) 
illustrates an example of such a failure in a highly 
weathered basalt. Slope movement at the crest of 
the slope tends to be very steep, whereas move-
ment at the toe tends to be subhorizontal. In 
general, signs of slope distress precede a rotational 
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failure in rock. These signs of distress include arcu-
ate tension cracks near the crest of the slope, 
bulging in the toe area of the slide, and longitudi-
nal cracks parallel to the inclination of the slope 
face. Before failure there usually is a period of 
accelerating movement, which generally can be 
monitored in order to predict failure. 

7.1 Kinematic Analysis 

The kinematic analysis for the circular mode of fail-
ure is in reality an analysis to exclude other modes 
of structurally controlled failure that have been dis-
cussed in the foregoing sections. In general, the 
structural discontinuities do not form distinct pat-
terns and the dominant structures are not oriented 
with respect to the proposed slope configuration to 
develop a kinematically possible failure mode. An 
example of the latter case is the instance of a sedi-
mentary sequence in which the bedding planes dip 
into the slope. Assuming that no other persistent 
structures are present, a circular failure model with 
appropriate allocation of rock-mass strength param-
eters would be suitable for slope design. 

7.2 Stability Analysis 

Appropriate methods of analysis for a circular fail-
ure in rock depend upon the shear-strength crite-
rion used to characterize the rock-mass material. If 
the rock mass is assumed to obey the Mohr-
Coulomb criterion, any of the analytical tech-
niques developed for soil can be applied. These in-
clude stability charts as presented by Duncan (see 
Chapter 13) and Hoek and Bray (1981) and ana-
lytical techniques such as those presented by 
Janbu (1954), Bishop (1955), Morgenstern and 
Price (1965), and Sarma (1979). Details of the 
methodology for applying these various analytical 
techniques are considered in Chapter 13. 

Because of the strong intact strength of the in-
dividual blocks and the high degree of interlock 
inherent in rock masses, it is more often the case 
that the material is very dilatant as it is sheared. 
For this reason, many investigators have found it 
appropriate to characterize the rock mass with a 
nonlinear shear-strength criterion. Several crite-
ria have been proposed, including those by 
Landanyi and Archambault (1970) and by Hoek 
and Brown (1980). If criteria such as these are uti-
lized, an analytical method similar to that pre- 

sented in Chapter 14 must incorporate the ability 
to determine shear strength as a function of nor-
mal stress for each slice along the failure surface. 

Several workers have presented useful failure 
charts for the rapid solution of simplified stability 
problems involving the circular failure mecha-
nism. Each specific chart is applicable to a partic-
ular location of the phreatic surface ranging from 
fully drained to fully saturated. The solutions vary 
in technique but generally involve the calculation 
of one or more dimensionless ratios. These values 
in combination with the slope angle graphically 
determine corresponding dimensionless ratios 
from which the factor of safety can be calculated. 
The reader should refer to Chapter 13 for exam-
ples of stability charts for circular failures. 

Such stability charts are very useful in rapidly 
carrying Out sensitivity analyses of any of the pa-
rameters affecting stability and are also used to 
back analyze circular slope failures. Typical limi-
tations of such charts include the following: 

A single material type is present throughout the 
slope, 
The slope inclination is uniform or can be 
approximated by a single value, 
The upper slope surface is horizontal, 
Pore-water pressures can be treated as a simple 
phreatic surface (i.e., there is no capability for 
modeling piezometric surfaces), 
The critical circle is assumed to exit through 
the toe of the slope or to be bounded by a firm 
base layer, and 
External loads such as earthquakes or reinforce-
ment cannot be incorporated. 

To analyze stability problems where conditions 
may preclude the use of stability charts generally 
requires the utilization of a computer program such 
as XSTABL (Sharma 1994), PC-STABL5 (Car-
penter 1986), and LISA (Hammond et at. 1990), 
and the method developed by Sarma (1979) and 
adapted by Hoek (1986). The Sarma program is 
particularly useful because it allows the slope to be 
subdivided into slices, the boundaries of which can 
correspond to known geologic structures (i.e., slice 
boundaries are not constrained to be vertical). The 
Sarma program also allows distinct strength param-
eters to be applied to each segment of the sliding 
surface and to each slice boundary. This program is 
amenable to analyses with nonlinear shear strength 
criteria because it allows the user to determine the 
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FIGURE 15-20 
Column buckling 
failure mode 
(modified from 
Goodman 1980). 

interslice stresses and to assign appropriate appar-
ent friction and apparent cohesion values from the 
failure envelope. For examples of this type of analy-
sis, the reader is referred to McCreath (1991) and 
Wyllie (1992, Chapter 6). 

8. OTHER FAILURE MODES AND 
ANALYTICAL TECHNIQUES 

The preceding sections have dealt with the four 
most common methods of stability analysis for 
rock slopes. Two additional failure modes that re-
quire specific structural fabric are column buckling 
and the bilinear wedge. For completeness, these 
failure modes are described next. The balance of 
this section deals with the issue of slope design 
under dynamic loading and with specialized ana-
lytical techniques based on probabilistic and dis-
tinct-element methods. 

8.1 Column Buckling Failure 

Slopes that contain steeply dipping repetitive dis-
continuities, such as bedding surfaces that parallel 
the slope face, may be susceptible to column buck-
ling. Such a slope face is often referred to as a dip 
slope. The failure mode involves planar movement 
along the discontinuity and a material failure near 
the toe of the slope by buckling (Figure 15-20). 

The necessary structural conditions that cause 
this failure mode to be kinematically feasible are  

similar to those for planar failure with the excep-
tion that the discontinuity forming the failure sur-
face does not daylight the slope face but is parallel 
to it. As with the toppling failure mode, buckling 
failure is most probable in rocks with thin slabs. 

This mode of failure is typically analyzed using 
the classical methods for column stability in which 
the stress parallel to the axis of a column is equal to 
Euler's critical stress for buckling (Goodman 1980; 
Cavers 1981). Parameters in the analysis include 
the length, 1, and thickness, t, of the column; the 
length of the buckling zone, L; the inclination of 
the columns, 'P; the shear strength along, the 
columns; and the compressive rock strength (Fig-
ure 15-20). Buckling failures have occurred in 
high-footwall mine slopes in coal-measure sequen-
ces. Slopes that have experienced this type of fail-
ure are usually more than 200 m high. Only under 
unusual circumstances involving high-dip slopes in 
thinly bedded weak rock does buckling failure rep-
resent a design consideration for slopes along trans-
portation corridors. 

8.2 Bilinear Wedge Failure 

In some situations a combination of discontinu-
ities may define a failure mass composed of two 
blocks as shown in Figure 15-21. The upper active 
block is separated from the lower passive block by 
steeply dipping discontinuities that allow inter-
block movements to occur. The failure surface is 
usually defined by major planar structures such as 
faults. The upper block is unstable and exerts a 
force on the passive block. 

The kinematic conditions for the two struc-
tures that form the bilinear failure surface are sim-
ilar to those previously discussed for planar failure. 
The dip of the upper plane must exceed its angle 
of friction, and the dip of the lower plane must be 
less than the angle of friction for that surface. 
Although the most common configuration of this 
failure mode is for the lower failure surface to have 
a dip toward the slope face, a case has been re-
ported by Calder and Blackwell (1980) in which 
the lower plane dipped into the slope. Survey 
monitoring demonstrated that at this site, move-
ment of the passive block actually included an up-
ward component. 

The unique kinematic condition for this failure 
mode is that a geologic structure must be present 
that will allow differential movement between the 
blocks. At the intersection of the active and pas- 
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sive blocks on the failure surface, movements 
probably result in local rock crushing so that a fail-
ure arc develops between the two planar segments 
of the failure surface. 

With reference to Figure 15-2 1, the stability of 
a bilinear wedge is evaluated by calculating the re-
sultant force, R3, which is transferred from the ac-
tive block to the passive block across Plane 3. The 
force R3 is the minimum to just resist sliding along 
Plane 1. The factor of safety is calculated by re-
solving the following forces: 

Resultant force, R3; 
Weight of the passive block, Wp; 
Shear force, R2; and 
Any uplift or driving forces due to water pres-
sures along Plane 2. 

FIGURE 15-21 
BiUnear failure 
mode (modified 
from CANMET 
1977). 

The factor of safety of the bilinear wedge is the 
ratio of the total resisting force to the total driving 
force along this plane (CANMET 1977). 

This type of failure is relatively uncommon; the 
reader is referred to the Pit Slope Manual (CANMET 

1977) and Introduction to Rock Mechanics (Goodman 
1980) for more detailed discussions. 

8.3 Analysis of Earthquake Effects on Rock 
Slope Stability 

Dynamic forces introduced in rock slopes should 
be considered in slope design analyses for areas 
susceptible to earthquakes. Design accelerations 
for a particular site are estimated from considera-
tion of the Maximum Credible Earthquake 
(MCE) along each fault in the vicinity of the site. 
For each MCE and fault combination, distance-
attenuation relationships are used to develop the 
resultant acceleration, expressed as a fraction of 
gravitational acceleration, for the site. The criti-
cal MCE-fault combination produces the highest 
or design acceleration for the site. In critical Situ-
ations design accelerations can be developed using 
such seismological techniques. In most cases, seis-
mic zoning maps provide adequate baseline data 
for design accelerations. 

Pseudostatic analysis and Newmark analysis 
(Newmark 1965) are two commonly used engi-
neering design methods that incorporate the 
forces due to earthquakes. In theory these meth-
ods can be applied to all the failure mechanisms 
for rock slopes previously discussed.  

8.3.1 Pseudostatic Analysis 

In the pseudostatic method, a force is applied to 
the unstable block equal to the product of the de-
sign acceleration and the weight of the block. 
This force is usually applied horizontally so as to 
decrease stability (Case i, Figure 15-22). Other in-
vestigators (e.g., Mayes et at. 1981) have suggested 
that the earthquake force be applied in two com-
ponents, a horizontal component due to the de-
sign acceleration and a vertical component acting 
in an upward direction and equal to two-thirds of 
the horizontal component. The resultant force is 
1.2 times the horizontal force and acts in a direc-
tion 34 degrees above the horizontal (Case ii, 
Figure 15-22). The latter formulation is obviously 
more conservative than the former. 

Although the pseudostatic method is the most 
common way to include forces due to earthquakes 
in stability calculations, the method is inherently 
conservative because the cyclic loading due to the 
earthquake is replaced by a constant force equal to 
the maximum transient force. This conservatism is 
accounted for in the analyses by designing for a fac-
tor of safety that is lower for the pseudostatic analy-
sis than for the static analysis. For example, whereas 
an acceptable static factor of safety for a rock slope 
may be 1.25 to 1.5, an acceptable factor of safety 
under pseudostatic conditions may be 1.0 to 1.1. 

8.3.2 Newmark Analysis 

Newmark's method (Newmark 1965) predicts the 
displacement of the slope under an acceleration- 
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FIGURE 15-22 
Pseudostatic 
analysis. 
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time record appropriate for the site. In the first step 
of the analysis, permanent displacement of the 
slope is assumed to occur only when the earthquake 
acceleration exceeds the critical acceleration for 
the geometry and preexisting stability condition of 
the slope (Jibson 1993). The cümulativeperma-
nent displacement of the slope is the sum of those 
portions of the acceleration-time history that ex-
ceed the critical acceleration value (Figure 15-23). 

a= (FS —l)gsintI' 	 (15.10) 

where 

ac  = critical acceleration, 
g = acceleration due to earth's gravity, 

FS = static factor of safety, and 
To  = angle from the horizontal that the center 

of mass of the slide first moves (equal to in-
clination of failure plane). 

Thus a slope with a static FS close to unity has a 
critical acceleration close to zero and experiences 
movement under any earthquake motion. 

The second step in the Newmark analysis is to 
calculaie the displacement for the ground motion  

record selected for the site by double integration 
of those portions of the record that lie above the 
critical acceleration, as shown in Figure 15-23. 
Jibson (1993) has presented both rigorous and 
simplified methods to calculate the Newmark dis-
placement. 

Interpretation of the results of a Newmark 
analysis requires knowledge of the relationship be-
tween shear strength and shear strain for the mate-
rial, along the failure surface. Materials that show 
ductile behavior may accommodate the calculated 
displacement with little effect, whereas in brittle 
materials the displacement may lead to rapid 
strength loss and failure. For most rock slope design 
situations, and particularly for reinforced rock 
slopes, the strength-strain relationship is unknown 
and the Newmark method is difficult to apply.. 

8.4 Probabilistic Analysis 

General engineering design practice has evolved 
the concept of factor of safety to determine the 
margin of conservatism that should be explicitly 
incorporated into a design. Typical factor-of-
safety values used in geotechnical engineering 
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practice for static design in transportation projects 
are as follows: 

Slopes with potential impact on permanent struc-
tures: FS = 1.5 to 2.0; 

Slopes with no potential impact on permanent 
structures: FS = 1.25 to 1.5. 

The factor-of-safety concept is appropriate where 
material properties can be specified and stresses 
accurately computed. In geotechnical engineering 
these requisites are not generally present. It is 
often necessary to perform a testing or field mea-
surement program of limited scope and to use 
engineering judgment to assign so-called "design 
values." Because the design analysis incorporates 
many such variables, each with its own degree of 
uncertainty, the cumulative impact upon the cal-
culated factor of safety is difficult to assess. 

An alternative approach that is beginning to 
gain broad acceptance is an index to the factor of 
safety referred to as the coefficient of reliability or al-
ternatively as the probability of failure. These in-
dexes are expressed as a decimal fraction of unity, 
and their sum is 1.0. Although either can be used 
in probabilistic analysis, the adoption of one over 
the other is an issue of perception. Not surpris-
ingly, the former is more readily accepted by prop-
erty owners than is the latter. 

In this analysis process, the unèertainty in each 
variable is incorporated into the analytical process 
by assigning a probability distribution function 
(PDF) to each variable instead of a single design 
value. For example, multiple measurements of the 
angle of friction of a joint surface may yield a 
mean value of 32°degrees with a standard devia-
tion of 5 degrees. This mean value can be incor-
porated into the probabilistic analysis as a normal 
distribution with the stated parameters. The range 
of all the variables in the analysis can be similarly 
defined by PDFs, although the type of distribution 
can be triangular, normal, lognormal, beta, or 
other (Wyllie 1992). For example, PDFs can be as- 
signed to water levels, discontinuity inclination, 
unit weight, and cohesion. 

The analysis requires selection of a value from 
each of the PDFs on a random basis and then cal-
culation of a factor of safety. Typically, a Monte 
Carlo simulation is used to generate random num-
bers from which each of the variable values is as-
signed. By repeating this process a large number of 
times (100 or more), a cumulative distribution  

function (CDF) for the factor of safety can be de-
veloped. An example of this process is shown in 
Figure 15-24. As a result of such an analysis, the 
slope practitioner is in a position to state that the 
coefficient of reliability is x percent (or that the 
probability of failure is 100 - x percent). This 
probability of failure can be evaluated in conjunc-
tion with the consequences of failure to determine 
an optimum course of action. In cases where all of 
the consequences of failure can be expressed in 
monetary terms, the optimum course of action will 
be the one that is most cost-effective. App lica-
tions of this methodology to transportation corri-
dors have been described by Wyllie et al. (1979) 
and Roberds (1990, 1991) and an illustrative ap-
plication to an open pit mine slope by Piteau and 
Martin (1977). 

8.5 Three-Dimensional Analyses 

Two-dimensional analyses evaluate geometric, ma-
terial, and loading conditions along a vertical sec-
tion aligned normal to the slope. Thus, lateral 
forces are not cohsdered. In most cases the analy-
sis of a unit thickness of the slope provides an 
acceptable factor of safety. Three-dimensional 

FIGURE 15-23 
Newmark analysis 
(Jibson 1993). 
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analyses may be warranted where the assumption 
of uniformity in the transverse direction cannot be 
made, for example, on slopes with sharp convex or 
concave curvatures in plan. Two-dimensional 
analyses of such configurations can either underes-
timate or overestimate the factor of safety. 

Hungr et al. (1989) developed an application of 
Bishop's simplified method for three-dimensional 
limit-equilibrium analysis referred to as CLARA. 
The method subdivides the failure mass into a se-
ries of columns rather than slices as is the case in 
the two-dimensional formulation. The vertical 
intercolumnar shear forces are neglected in the 
analysis, which can lead to conservative results 
when applied to some asymmetrical failure masses 
in which the energy required to overcome internal 
deformation of the failure mass contributes to sta-
bility. However, for rotational or symmetrical 
sliding surfaces for which the internal strength can 
be neglected, the method is useful (Hungr et al. 
1989). Hungr et al. (1989) also presented appli-
cations of the model to rotational, wedge, and bi-
linear sliding surfaces. 

8.6 Distinct-Element Method 

Methods of analysis other than limit equilibrium 
have been utilized to analyze slopes in which 
kinematically feasible failure modes are not 
present, yet observation and monitoring indi-
cate that displacements are occurring. One 
such method is the distinct-element method 
described by Cundall (1987) and Long et al. 
(1991). This method does not require a pre-
scribed failure surface in order to reach a solu-
tion. The iterative calculation procedure mod-
els the progressive failure of slopes, a process 
that generates a surface of demarcation between 
a group or groups of stable blocks and a group or 
groups of unstable blocks. 

As stated by Long et al. (1991), the three at-
tributes of the distinct-element method that dis-
tinguish it from other numerical methods are as 
follows: 

The rock mass is composed of individual blocks 
that can undergo large rotation and large dis-
placements relative to one another, 
Interaction forces between blocks arise from 
changes in their relative geometrical configura-
tion, and 

3. The solution scheme is explicit in time. 

The distinct-element method utilizes a calcu-
lation procedure that solves the equations of 
motion and contact force for each modeled rigid 
block at each time step [Figure 15-25(a)]. Block 
interaction at contact points is modeled by 
strength and deformation parameters. As shown 
in Figure 15-25(b), the analysis provides the se-
quential positions and velocities of each block 
and thus is useful when predictions of slope 
displacement are required. The method can 
also be used to incorporate reinforcing elements, 
to analyze foundation loading on rock, and to 
carry out dynamic analyses using earthquake 
velocity records. Computer programs have been 
formulated for both two-dimensional and three-
dimensional distinct-element analyses. 

FIGURE 15-25 
Distinct-element 
method (Long et al. 
1991). 
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